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(57) ABSTRACT

A compound microscope of an optical microscope and a
scanning probe microscope includes a stage to support a
sample substrate holding a sample, and a cantilever chip
having a substrate, a cantilever supported by the substrate,
and a probe provided at the free end of the cantilever. The
compound microscope further includes a scanner to hold the
cantilever chip so that the probe faces the sample substrate
and so that the substrate is inclined with respect to the sample
substrate and to three-dimensionally scan the cantilever chip
with respect to the sample substrate, a displacement sensor to
optically detect the displacement of the cantilever, and an
illumination light source to apply illumination light for obser-
vation by the optical microscope to the sample through the
space between the substrate and the sample substrate.
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1
COMPOUND MICROSCOPE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation Application of PCT
Application No. PCT/JP2013/060520, filed Apr. 5, 2013 and
based upon and claiming the benefit of priority from prior
Japanese Patent Application No. 2012-096668, filed Apr. 20,
2012, the entire contents of all of which are incorporated
herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a compound microscope of
an optical microscope and a scanning probe microscope.

2. Description of the Related Art

A scanning probe microscope (SPM) is a scanning micro-
scope, which mechanically scans a mechanical probe by a
scanning mechanism to obtain information on a sample sur-
face, and is a generic name of a scanning tunneling micro-
scope (STM) anatomic force microscope (AFM), a scanning
magnetic force microscope (MFM), a scanning near field
optical microscope (SNOM), etc. The scanning probe micro-
scope raster scan a sample and the mechanical probe rela-
tively to each other in XY-directions to obtain surface infor-
mation regarding a desired sample region through the
mechanical probe, mapping and displaying the surface infor-
mation on a TV monitor.

Among others, the AFM is a most widely used device, and
comprises, as major mechanical features, a cantilever having
a mechanical probe at its free end, an optical displacement
sensor to detect the displacement of the cantilever, and a
scanning mechanism to scan the mechanical probe and a
sample relatively to each other. As the optical displacement
sensor, a lever-type optical displacement sensor is most
widely used because of its simple configuration and high
displacement detection sensitivity. A light beam having a
diameter of several um to several ten um is applied to the
cantilever, and a change of the reflection direction of the
reflected light depending on the curve of the lever is detected
by, for example, a two-segments photodetector, so that the
movement of the mechanical probe at the free end of the
cantilever is detected and a corresponding electric signal is
output. The scanning mechanism is controlled in a Z-direc-
tion so that the output is kept constant, while the scanning
mechanism is scanned in the XY-directions at the same time,
so that configurations of the sample surface are mapped and
displayed on a monitor of a computer.

This AFM is generally combined with an inverted optical
microscope in order to observe a bio-sample in a liquid. This
is because the observation using the inverted optical micro-
scope is advantageous not only to obtaining information on
the sample but also to positioning the cantilever at a particular
part of the sample.

When attempting to observe the motion of the bio-sample,
it is observation velocity to be required for the AFM. For this
purpose, one screen should be obtained within one second,
preferably within 0.1 seconds. For higher velocity of the
AFM, devices that are currently available on the market have
reached a level that can achieve the goal regarding the periph-
ery of electric circuits of the AFM device, while problems lie
in the mechanical features. Particularly, these mechanical
features include the scanning mechanism having a high scan-
ning velocity, the cantilever that is flexible and has a high
resonant frequency, and the optical-lever-type optical dis-
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placement sensor capable of detecting the displacement of the
cantilever. For example, when an image having 100 pixels in
the X-direction and 100 pixels in the Y-direction is loaded
within 0.1 seconds, the scanning mechanism is required to
attain a scanning frequency of 1 kHz or more in the X-direc-
tion, a scanning frequency of 10 Hz or more in the Y-direction,
and a scanning frequency of 100 kHz or more in the Z-direc-
tion.

The high-frequency cantilever suited to the observation of
the bio-sample preferably has a spring constant of 1 N/m or
less, and a resonant frequency of 300 kHz. This cantilever has
extremely small dimensions that are about one tenth of the
dimensions of cantilevers that are currently available on the
market. For example, a cantilever made of silicon nitride has
a length of 10 um, a width of 2 um, and a thickness of 0.1 pm.
This cantilever has a spring constant of approximately 1 N/m,
a resonant frequency in the atmosphere of approximately 1.2
MHz, and a resonant frequency in the liquid of approximately
400 kHz.

The optical displacement sensor further requires a light
focusing optical system to form a spot of converged light
having a diameter of several um or less in order to detect an
extremely small displacement of the cantilever.

As described above, for the high-velocity observation of
the bio-sample by the AFM, it is preferable that a small
cantilever flexible and having a high resonant frequency is
available and that a scanning mechanism to perform high-
velocity scanning is provided.

Jpn. Pat. Appln. KOKAI Publication No. 2002-82036 has
disclosed a compound microscope in which an inverted opti-
cal microscope is combined with an AFM to meet the needs.

BRIEF SUMMARY OF THE INVENTION

The present invention is directed to a compound micro-
scope of an optical microscope and a scanning probe micro-
scope, the compound microscope comprising a stage to sup-
port a sample substrate holding a sample, a cantilever chip
comprising a substrate, a cantilever supported by the sub-
strate, and a probe provided at the free end of the cantilever, a
scanner to hold the cantilever chip so that the probe faces the
sample substrate and so that the substrate is inclined with
respect to the sample substrate and to three-dimensionally
scan the cantilever chip with respect to the sample substrate,
a displacement sensor to optically detect the displacement of
the cantilever, and an illumination light source to apply illu-
mination light for observation by the optical microscope to
the sample through the space between the substrate and the
sample substrate.

Advantages of the invention will be set forth in the descrip-
tion which follows, and in part will be obvious from the
description, or may be learned by practice of the invention.
The advantages of the invention may be realized and obtained
by means of the instrumentalities and combinations particu-
larly pointed out hereinafter.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

The accompanying drawings, which are incorporated in
and constitute apart of the specification, illustrate embodi-
ments of the invention, and together with the general descrip-
tion given above and the detailed description of the embodi-
ments given below, serve to explain the principles of the
invention.

FIG. 1 shows a compound microscope according to a first
embodiment;
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FIG. 2 is a perspective view of a cantilever chip shown in
FIG. 1,

FIG. 3 is an enlarged view of the cantilever chip and a
focusing lens shown in FIG. 1 seen from another direction;

FIG. 4 is an enlarged view of the cantilever chip, the focus-
ing lens, and an illumination light source shown in FIG. 1;

FIG. 5 shows the cantilever chip and the illumination light
source shown in FIG. 1 and paths of illumination light;

FIG. 6 shows the cantilever chip and the illumination light
source shown in FIG. 1 and paths of the illumination light;

FIG. 7 shows a modification of the compound microscope
according to the first embodiment;

FIG. 8 shows another modification of the compound
microscope according to the first embodiment;

FIG. 9 shows a compound microscope according to a sec-
ond embodiment;

FIG. 10 is an enlarged view of the cantilever chip, the
focusing lens, and an illumination light source shown in FIG.
9; and

FIG. 11 shows another configuration alternative to the illu-
mination light sources according to the first embodiment and
the second embodiment.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, embodiments of the present invention will be
described with reference to the drawings.

<First Embodiment>

The configuration of a compound microscope according to
the present embodiment is shown in FIG. 1.

As shown in FIG. 1, the compound microscope according
to the present embodiment comprises an inverted optical
microscope, which is an optical microscope, and an atomic
force microscope (AFM), which is a scanning probe micro-
scope.

The inverted optical microscope comprises a microscope
body 20, a microscope stage 21, an objective lens 22, a
revolver 23, a half mirror 24, a mirror 25, a CCD camera 26,
a television monitor 27, and an epi-illumination light source
28. A sample substrate 2 such as a glass slide is supported on
the microscope stage 21, and a sample 1 and a solution 4 are
held on the sample substrate 2. The inverted optical micro-
scope is mainly used for submerged optical observation of the
sample 1.

The AFM comprises a cantilever chip 3, an XYZ scanner 6,
an optical-lever-type displacement sensor 10, a housing 30
holding the XYZ scanner 6 and the optical-lever-type dis-
placement sensor 10, a pillar 31 supporting the housing 30
above the microscope stage 21, a controller 14, and a com-
puter 15.

As shown in FIG. 2, the cantilever chip 3 comprises a
substrate 3a, a cantilever 35 supported by the substrate 3a,
and a probe 3¢ provided at the free end of the cantilever 34.

The size ratio shown in FIG. 2 and FIG. 3 are close to the
actual size ratio between the substrate 3a and the cantilever
3b. In the cantilever chip 3 in FIG. 1, the cantilever 35 is
drawn large for illustration purpose.

The XYZ scanner 6 comprises a cantilever chip holder 7, a
Z scanner 8, and an XY scanner 9. The cantilever chip holder
7 holds the cantilever chip so that the probe 3¢ faces the
sample substrate 2 and so that the substrate 3« is inclined with
respect to the sample substrate 2. The cantilever chip holder 7
is held by the free end of the Z scanner 8. The Z scanner 8 is
held by the XY scanner 9. The Z scanner 8 and the XY
scanner 9 cooperate to three-dimensionally scan the cantile-
ver chip 3 with respect to the sample substrate 2.
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As shown in FIG. 3 and FIG. 4, the cantilever chip 3 is
designed so that the inclination angle of the substrate 3a with
respect to the sample substrate 2 is 5 degrees to 15 degrees,
preferably, 10 degrees to 15 degrees. In the present embodi-
ment, the inclination angle is described as being, for example,
15 degrees.

Here, “inclination with respect to the sample substrate 2
or “inclined with respect to the sample substrate 2 is syn-
onymous with “inclination with respect to the microscope
stage 21” or “inclined with respect to the microscope stage
21”. That is, these are interchangeable. Moreover, the incli-
nation of the substrate 3a with respect to the sample substrate
2 more precisely means the inclination of the major surface of
the substrate 3a with respect to a sample substrate mounting
surface of the microscope stage 21. The major surface of the
substrate 3a refers to a plane on the side from which the probe
3¢ protrudes, and is the largest plane of the substrate 3a.

The optical-lever-type displacement sensor 10 comprises a
laser light source 11, a focusing lens 12, and a photodetector
13. The laser light source 11 emits detection light. The focus-
ing lens 12 converges the detection light emitted from the
laser light source 11, and applies the converged light to a part
close to the free end on the surface opposite to the surface of
the cantilever 36 comprising the probe 3¢. The photodetector
13 receives the reflected light from the cantilever 3, and then
detects the displacement of the free end, that is, the probe 3¢
of the cantilever 35.

The housing 30 comprises a windowpane 5 for protecting
the optical-lever-type displacement sensor 10 from the solu-
tion 4.

The Z scanner 8 is held by the XY scanner 9, and is XY
scanned. The focusing lens 12 is also held by the XY scanner
9, and is XY scanned together with the Z scanner 8. There-
fore, the focusing lens 12 and the cantilever chip 3 are simul-
taneously XY scanned for the same displacement by the XY
scanner 9. In this way, the XY scanner 9, the Z scanner 8, the
cantilever chip holder 7, the cantilever chip 3, and the focus-
ing lens 12 constitute a detection light following type lever
scan mechanism.

The XYZ scanner 6 and the optical-lever-type displace-
ment sensor 10 are connected to the controller 14, and con-
trolled by the computer 15. Observation results can be pro-
cessed by the computer 15, and displayed on the monitor TV.

In the AFM having the above configuration, the cantilever
354 and the focusing lens 12 are configured as described below
for higher observation velocity.

The cantilever 3b is, for example, a cantilever made of
silicon nitride, and has an extremely small shape with a length
of 10 um, a width of 2 um, and a thickness of 0.1 pm.

To detect the displacement of the extremely small cantile-
ver 3b, the focusing lens 12 has an optical property with
NA=0.4 or more so that the spot diameter of the converged
light will be several um or less.

Moreover, the focusing lens 12 to be used is a small and
light focusing lens having a diameter of 10 mm or less, pref-
erably, 5 mm or less to permit high-velocity scanning.

FIG. 3 and FIG. 4 show a rough layout of the cantilever
chip 3, the focusing lens 12, and others. In FIG. 3 and FIG. 4,
for example, the length of the substrate 3a is approximately 3
mm, and the width is approximately 1.6 mm. The focusing
lens 12 has an NA =~0.4, a diameter of approximately 5 mm,
and a focal distance of approximately 5 mm. The substrate 3a
is held atan angle of approximately 15 degrees with respectto
the sample substrate 2.

As shown in FIG. 4, the housing 30 has an inclined plane
30a inclined with respect to the sample substrate 2 in the rear
of' the substrate 3a of the cantilever chip 3 (on the side oppo-
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site to the cantilever 35 with reference to the substrate 3a).
The inclination angle of the inclined plane 30a with respectto
the sample substrate 2 is equal to or more than the inclination
angle of the substrate 3a with respect to the sample substrate
2, thatis, 15 degrees or more. For example, the inclined plane
30a is substantially parallel to the substrate 3a. That is, this
inclined plane 30a forms an angle of approximately 15
degrees with respect to the sample substrate 2. An illumina-
tion light source 32 is held on the inclined plane 30a. The
illumination light source 32 emits illumination light for
observation by the inverted optical microscope. The illumi-
nation light source 32 comprises a light source lamp 33 and a
condenser lens 34.

Since the AFM is of a lever scanning type, the compound
microscope according to the present embodiment configured
as above has fewer restrictions on the sample 1 and the sample
substrate 2.

As shown in FIG. 5, the illumination light source 32 illu-
minates the sample 1 through the space between the substrate
3a and the sample substrate 2 from the side opposite to the
objective lens 22 with reference to the microscope stage 21, in
particular, from the rear of the substrate 3a of the cantilever
chip 3.

This illumination is mainly oblique illumination of the
sample 1 from the direction of the cantilever chip 3, and is
included in dark field illumination and oblique illumination.
The dark field illumination and the oblique illumination are
illumination methods that are advantageous to low-contrast
samples, and are suited to observation of microstructures.
That is, the sample 1 is illuminated by the illumination
method suited to the low-contrast samples.

The sample 1 is not only directly illuminated but also
illuminated by reflected illumination light from the substrate
3a and the cantilever 3b as shown in FIG. 6, and can therefore
be efficiently illuminated. This reflected illumination light
may permit the sample 1 to be observed by bright field illu-
mination.

It is preferable to use a small high-intensity white LED for
the light source lamp 33 of the illumination light source 32.
This is attributed to the following reasons: high luminous
efficiency of the high-intensity white LED; low head genera-
tion; and a small size.

As shown in FIG. 7, the illumination light source 32 may be
replaced with, for example, a small high-intensity white LED
35. Illumination light of the high-intensity white LED 35 is
directly applied to the sample without the generation of con-
verged light by the condenser lens.

Furthermore, as shown in FIG. 8, the illumination light
source 32 (or the high-intensity white LED 35) may be held
on, for example, a holding member 36 provided on the micro-
scope stage 21 instead of being held on the inclined plane 30a.

In addition, the illumination light source 32 may be
replaced with another illumination light source having light-
emitting elements (high-intensity white LEDs) 50, 51, and
52, as shown in FIG. 11. The light-emitting elements 50, 51,
and 52 are arranged in the rear of the substrate 3a so that the
optical axes thereof extend over from the sample 1. As a
result, the amount of illumination light can be increased. This
method is extremely advantageous to the compound micro-
scope in which the distance between the sample substrate 2 or
the microscope stage 21 and the housing 30 is short.

<Second Embodiment>

The configuration of a compound microscope according to
the present embodiment is shown in FIG. 9. As shown in FIG.
9, the compound microscope according to the present
embodiment is the same as the compound microscope
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according to the first embodiment shown in FIG. 1 except for
the housing and the illumination light source.

A housing 40 has an inclined plane 40q inclined with
respect to the sample substrate 2 in the rear of the substrate 3a
of the cantilever chip 3. The inclination angle of the inclined
plane 40qa with respect to the sample substrate 2 is equal to or
less than the inclination angle of the substrate 3a with respect
to the sample substrate 2, that is, 15 degrees or less, for
example, approximately 7 to 8 degrees. This inclined plane
40¢ is mirrored. That is, the inclined plane 40a is a mirror
surface.

The housing 40 further has a surface 405 parallel to the
sample substrate 2 in the rear of the inclined plane 40a. An
illumination light source 41 is held on the surface 4056. As
shown in FIG. 10, the illumination light source 41 comprises
a light source lamp 42 and a condenser lens 43.

In the compound microscope according to the present
embodiment configured as above, illumination light emitted
from the illumination light source 41 can be reflected by the
inclined plane 40q and guided to the sample 1. As aresult, the
illumination light source 41 illuminates the sample 1 through
the space between the substrate 3a and the sample substrate 2
from the rear of the substrate 3a of the cantilever chip 3.
Therefore, advantageous effects similar to those according to
the first embodiment can be obtained.

Furthermore, in the compound microscope according to
the present embodiment, the illumination light source 41 can
be located relatively far from the sample 1 and the substrate
3a. This allows a higher degree of freedom in the size and
arrangement design of the illumination light source 41. More-
over, the effect of heat generated by the illumination light
source 41 can also be reduced.

In the present embodiment as well as in the first embodi-
ment, a small high-intensity white LED is preferably used for
the light source lamp 42. The illumination light source 41
may be replaced with a high-intensity white LED, and light
may be directly applied to the sample without the generation
of converged light by the condenser lens. The illumination
light source 41 (or the high-intensity white LED) may be held
on, for example, a holding member provided on the micro-
scope stage 21 instead of being held on the surface 4056. In
addition, the illumination light source 41 may be replaced
with another illumination light source having light-emitting
elements (high-intensity white LEDs) 50, 51, and 52, as
shown in FIG. 11. The light-emitting elements 50, 51, and 52
are arranged in the rear of the substrate 3a so that the optical
axes thereof extend over from the sample 1. As a result, the
amount of illumination light can be increased. This method is
extremely advantageous to the compound microscope in
which the distance between the sample substrate 2 or the
microscope stage 21 and the housing 40 is short.

Additional advantages and modifications will readily
occur to those skilled in the art. Therefore, the invention in its
broader aspects is not limited to the specific details and rep-
resentative embodiments shown and described herein.
Accordingly, various modifications may be made without
departing from the spirit or scope of the general inventive
concept as defined by the appended claims and their equiva-
lents.

What is claimed is:

1. A compound microscope of an optical microscope and a
scanning probe microscope, the compound microscope com-
prising:

a stage to support a sample substrate holding a sample;

a cantilever chip comprising a substrate, a cantilever sup-

ported by the substrate, a probe provided at a free end of
the cantilever;
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a scanner to hold the cantilever chip so that the probe faces
the sample substrate and so that the substrate is inclined
with respect to the sample substrate and to three-dimen-
sionally scan the cantilever chip with respect to the
sample substrate;

a displacement sensor to optically detect the displacement
of the cantilever; and

an illumination light source to apply illumination light for
observation by the optical microscope to the sample
through a space between the substrate and the sample
substrate, the illumination light source being arranged
such that the illumination light is emitted from an end of
the substrate opposite to the free end of the cantilever.

2. The compound microscope according to claim 1, com-
prising a housing holding the scanner and the displacement
sensor,

wherein the housing has an inclined plane inclined with
respect to the sample substrate, and the inclination angle
of'the inclined plane with respect to the sample substrate
is equal to or more than the inclination angle of the
substrate with respect to the sample substrate, and

the illumination light source applies the illumination light
to the sample through the space between the inclined
plane and the stage.
3. The compound microscope according to claim 2,
wherein the illumination light source is held on the inclined
plane.
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4. The compound microscope according to claim 1, com-
prising a housing holding the scanner and the displacement
sensor,

wherein the housing has a mirror surface inclined with

respect to the sample substrate, and the inclination angle
of the mirror surface with respect to the sample substrate
is equal to or less than the inclination angle of the sub-
strate with respect to the sample substrate, and

the illumination light source applies the illumination light

to the sample via reflection by the mirror surface.

5. The compound microscope according to claim 1,
wherein the illumination light source includes light-emitting
elements, and the light-emitting elements are arranged so that
the optical axes thereof extend over from the sample.

6. The compound microscope according to claim 1,
wherein the inclination angle of the substrate with respect to
the sample substrate is 5 degrees to 15 degrees.

7. The compound microscope according to claim 1,
wherein the optical microscope comprises an inverted optical
microscope configured to observe the sample through the
sample substrate.

8. The compound microscope according to claim 1, com-
prising an illumination light source that emits light for
observing the sample through the optical microscope, the
illumination light source and the cantilever chip being
arranged such that the illumination light is reflected towards
the sample from at least one of the substrate and the cantile-
ver.



